Abstract: Aluminum and its alloys have numerous applications in manufacturing, aerospace, and automotive industries. At elevated temperatures, they start to fail in fulfilling their roles and functions. Aluminum-based metal matrix composites (MMCs) are good alternatives for metal and alloys due to their excellent properties. However, the conventional machining of several composites shows complications for a number of reasons, such as high tool wear, poor surface roughness, high machining cost, cutting forces, etc. Numerous studies have already been conducted on the machinability of various MMCs, but the machinability of Al-Si-TiB 2 composite is still not well studied. It is of utmost importance that several process parameters of conventional machining are precisely controlled as well as optimized. In this study an effort was made to optimize input parameters such as cutting speed, depth of cut, and feed to obtain well-finished final components with the minimum cutting force and tool wear. These progressions are involved with multiple response characteristics, therefore the exploration of an appropriate multi-objective optimization technique was indeed essential. The performance characteristics of cutting forces and surface roughness were considered for optimization of the machining parameters. Analysis of variance (ANOVA) was employed for the optimization and statistical analysis.
Introduction
The demand for aluminum-silicon alloy-based composites is rapidly increasing in automobile and aerospace sectors. Their high strength-to-weight ratio and their capacity to operate effectively under adverse conditions-particularly at high temperatures-brands them as potential materials for use in diesel engine and aircraft engine applications [1] . These materials help to achieve a weight reduction of twenty-five percent, and the density of most metal matrix composites (MMCs) is almost one third in comparison to steel [2] . However, the emerging trend in the machining of these materials has given a real challenge. Carbide tools with hard coatings like TiC, TiN, Al 2 O 3 , etc. have already substantiated their domination in the machining of steels in dry conditions, even at high cutting speeds. From past machining studies conducted on Al-SiC composites, it was observed that tool wear was extreme, and the surface finish was poor with carbide tool inserts. It was later ruled out that the hard SiC particles collaboratively work as cutting edges, in the same manner as a grinding wheel over the cutting tool edge, which in due course was worn out due to abrasive action and hence resulting in the creation of poor surface finish [3] . The durability of the cutting tools is one of the major indicators of the efficiency of a machining process, as the overall cost of the machining majorly depends on the life cycle and cost of cutting tools [4] . While in another observation, polycrystalline diamond (PCD) insert performance was found to be pointedly much better than the carbide tool inserts during the turning of Al/5%Mg alloys reinforced with 5 wt.% saffil and 15 wt.% SiC p [5, 6] . Most of the studies widely report 2 of 10 on tool wear performance during the machining of MMCs based on Al-SiC or Al 2 O 3 processed using conventional casting methods. Recent machinability studies on in-situ Al-6061-TiB 2 composites have confirmed an increase in the flank wear rate, cutting force, and surface roughness with the increase in the depth of cut [7] [8] [9] . Studies have also been conducted on the optimization of output parameters like surface roughness and cutting force for turning operation of AlB 2 /Al-Mg 3 MMCs. A statistical method was employed for optimizing the process parameters. For experimentation purposes, a smaller is the better condition with an orthogonal array technique was employed for obtaining optimum responses. Analysis of variance (ANOVA) was employed to rule out the process parameters that most affected surface roughness and cutting force. Validation tests were conducted to check the effectiveness using optimized levels of parameters by the Taguchi method [10] . The machinability behavior of an Al-Cu-TiC metal matrix composite has also been studied experimentally under varying process parameters with optimization studies with full factorial matrix design which used the Taguchi method on output parameters such as surface roughness and cutting force [9] [10] [11] [12] . The aforesaid literature analysis revealed that the machining process characteristics of ex-situ processed composites have been significantly addressed. However, there were inadequate research findings testifying the machining process characteristics of in-situ-processed Al-Si-TiB 2 metal matrix composites. The purpose of the present study was to study the effect of machining parameters on the machining process and the characteristics of in-situ synthesized Al-12%Si/6wt.%TiB 2 composites through a dry turning process using uncoated carbide tools. The depth of cut, cutting speeds, and feed were used as the control factors, and cutting forces (F y and F z ), surface roughness, and chip formation were the output measures.
Materials and Methods
The Al-12%Si/6wt.%TiB 2 in-situ MMCs were fabricated using a stir casting technique. Formation of the TiB 2 particles phase was precipitated in situ due to an exothermic salt reaction between K 2 TiF 6 and KBF 4 . This method of producing an in-situ reinforcement phase through chemical reactions between salts is known as a mixed salt route process. The requisite amounts of K 2 TiF 6 and KBF 4 salts are vital for obtaining the required weight fraction of TiB 2 . To promote the adequate reaction between salts and matrix melt, a temperature of 800 • C was maintained in an electrically operated muffle furnace. Degassing was conducted with C 2 Cl 6 tablets for removing unwanted gases. The salt mixture was added in batches followed by intermittent stirring with the help of a graphite rod stirrer coated with zirconia. The obtained specimens of 450 mm length and 45 mm diameter are shown in Figure 1 . These composites were used for turning operation on a self-centered three-jaw chuck lathe, as shown in Figure 2 . The uncoated carbide inserts with grade H13A of designation CNMG 120,408 and material classification level ISO-TMC1 were used for the turning of Al-12%Si-6%TiB 2 composites. The tool insert was tightly fixed on the tool holder with ISO code DCLNR 2525M12. Considering Al-Si as the matrix alloy and the orientation of TiB 2 reinforcement, the selection of input parameters for the turning operation were finalized from previous experimental studies. The depth of cut was taken as 0.6 mm, 0.9 mm, and 1.2 mm. Most of the studies widely report on tool wear performance during the machining of MMCs based on Al-SiC or Al2O3 processed using conventional casting methods. Recent machinability studies on in-situ Al-6061-TiB2 composites have confirmed an increase in the flank wear rate, cutting force, and surface roughness with the increase in the depth of cut [7] [8] [9] . Studies have also been conducted on the optimization of output parameters like surface roughness and cutting force for turning operation of AlB2/Al-Mg3 MMCs. A statistical method was employed for optimizing the process parameters. For experimentation purposes, a smaller is the better condition with an orthogonal array technique was employed for obtaining optimum responses. Analysis of variance (ANOVA) was employed to rule out the process parameters that most affected surface roughness and cutting force. Validation tests were conducted to check the effectiveness using optimized levels of parameters by the Taguchi method [10] . The machinability behavior of an Al-Cu-TiC metal matrix composite has also been studied experimentally under varying process parameters with optimization studies with full factorial matrix design which used the Taguchi method on output parameters such as surface roughness and cutting force [9] [10] [11] [12] . The aforesaid literature analysis revealed that the machining process characteristics of ex-situ processed composites have been significantly addressed. However, there were inadequate research findings testifying the machining process characteristics of in-situprocessed Al-Si-TiB2 metal matrix composites. The purpose of the present study was to study the effect of machining parameters on the machining process and the characteristics of in-situ synthesized Al-12%Si/6wt.%TiB2 composites through a dry turning process using uncoated carbide tools. The depth of cut, cutting speeds, and feed were used as the control factors, and cutting forces (Fy and Fz), surface roughness, and chip formation were the output measures.
The Al-12%Si/6wt.%TiB2 in-situ MMCs were fabricated using a stir casting technique. Formation of the TiB2 particles phase was precipitated in situ due to an exothermic salt reaction between K2TiF6 and KBF4. This method of producing an in-situ reinforcement phase through chemical reactions between salts is known as a mixed salt route process. The requisite amounts of K2TiF6 and KBF4 salts are vital for obtaining the required weight fraction of TiB2. To promote the adequate reaction between salts and matrix melt, a temperature of 800 °C was maintained in an electrically operated muffle furnace. Degassing was conducted with C2Cl6 tablets for removing unwanted gases. The salt mixture was added in batches followed by intermittent stirring with the help of a graphite rod stirrer coated with zirconia. The obtained specimens of 450 mm length and 45 mm diameter are shown in Figure 1 . These composites were used for turning operation on a self-centered three-jaw chuck lathe, as shown in Figure 2 . The uncoated carbide inserts with grade H13A of designation CNMG 120,408 and material classification level ISO-TMC1 were used for the turning of Al-12%Si-6%TiB2 composites. The tool insert was tightly fixed on the tool holder with ISO code DCLNR 2525M12. Considering Al-Si as the matrix alloy and the orientation of TiB2 reinforcement, the selection of input parameters for the turning operation were finalized from previous experimental studies. The depth of cut was taken as 0.6 mm, 0.9 mm, and 1.2 mm. Cutting speeds were taken as 70, 110, and 190 m/min. Feed was taken as 0.07, 0.14, and 0.28 mm/rev, as presented in Table 1 . Turning operation was conducted on a lathe manufactured by HMT Limited, and forces were recorded using a Kistler Piezoelectric Dynamometer of Type 9257B loaded with a multi-charge amplifier of type 5070. The machine's data acquisition system was equipped with DynaWare software of type 2825A-02. Surface roughness was measured using Surfcom Flex 50A, which complies with ISO-1997 as mentioned in Figure 3 . It was equipped with a pointed diamond probe with a scanning length of 5 mm. The experiments were planned as per full factorial design, as demonstrated in Table 2 . Cutting speeds were taken as 70, 110, and 190 m/min. Feed was taken as 0.07, 0.14, and 0.28 mm/rev, as presented in Table 1 . Turning operation was conducted on a lathe manufactured by HMT Limited, and forces were recorded using a Kistler Piezoelectric Dynamometer of Type 9257B loaded with a multi-charge amplifier of type 5070. The machine's data acquisition system was equipped with DynaWare software of type 2825A-02. Surface roughness was measured using Surfcom Flex 50A, which complies with ISO-1997 as mentioned in Figure 3 . It was equipped with a pointed diamond probe with a scanning length of 5 mm. The experiments were planned as per full factorial design, as demonstrated in Table 2 . Cutting speeds were taken as 70, 110, and 190 m/min. Feed was taken as 0.07, 0.14, and 0.28 mm/rev, as presented in Table 1 . Turning operation was conducted on a lathe manufactured by HMT Limited, and forces were recorded using a Kistler Piezoelectric Dynamometer of Type 9257B loaded with a multi-charge amplifier of type 5070. The machine's data acquisition system was equipped with DynaWare software of type 2825A-02. Surface roughness was measured using Surfcom Flex 50A, which complies with ISO-1997 as mentioned in Figure 3 . It was equipped with a pointed diamond probe with a scanning length of 5 mm. The experiments were planned as per full factorial design, as demonstrated in Table 2 . At a constant cutting speed of 190 m/min feed forces increased with the increase in feed with every depth of cut, as demonstrated in Figure 4a . Figure 4b shows that cutting force increased with an increase in feed at every depth of cut. This was due to an increase in the chip load per tool edge. The increase in tool feed increased the contact area between the workpiece material and the cutting tool, resulting in the generation of a higher feed force. Figure 4c shows a medium feed range (i.e., 0.14 mm/rev), which produced a relatively rough machined surface. This was due to the pulling action and the fracture of the TiB 2 particles from its base material. 
Cutting Speed
At a constant depth of cut of 0.9 mm, feed forces decreased with an increase in cutting speed at a higher feed rate, as demonstrated in Figure 5a . Cutting forces hardly varied with an increase in cutting speed at a lower feed rate, as shown in Figure 5b . However, at a high feed rate, the cutting 
At a constant depth of cut of 0.9 mm, feed forces decreased with an increase in cutting speed at a higher feed rate, as demonstrated in Figure 5a . Cutting forces hardly varied with an increase in cutting speed at a lower feed rate, as shown in Figure 5b . However, at a high feed rate, the cutting force decreased quite sharply. Figure 5c shows that surface roughness decreased with the increase in cutting speed. This is because increasing cutting speed decreases the chip-tool contact length. This resulted in a reduction of friction on the machined surface, which produced minimum fracture and protruded TiB 2 particles and led to a better surface roughness. Figure 4 . Graphs of (a) feed rate vs. feed force; (b) feed rate vs. cutting force; and (c) feed rate vs. surface roughness at 190 m/min cutting speed.
At a constant depth of cut of 0.9 mm, feed forces decreased with an increase in cutting speed at a higher feed rate, as demonstrated in Figure 5a . Cutting forces hardly varied with an increase in cutting speed at a lower feed rate, as shown in Figure 5b . However, at a high feed rate, the cutting force decreased quite sharply. Figure 5c shows that surface roughness decreased with the increase in cutting speed. This is because increasing cutting speed decreases the chip-tool contact length. This resulted in a reduction of friction on the machined surface, which produced minimum fracture and protruded TiB2 particles and led to a better surface roughness. 
Depth of Cut
At a constant feed of 0.07 mm/rev, feed forces increased with an increase in depth of cut (Figure 6a ). When the cutting speed increased from 70 to 190 m/min, the cutting forces also increased, as shown in Figure 6b . This was due to the thermal softening of the work material. This may be attributable to the influence of the change in working rake angle due to the formation of built up edge (BUE). Surface roughness decreased with the increase in depth of cut (Figure 6c) . At lower feed rates and cutting forces, the hard ceramic TiB2 particulates were broken and voids formed on the machined surface, contributing high surface roughness. 
At a constant feed of 0.07 mm/rev, feed forces increased with an increase in depth of cut (Figure 6a ). When the cutting speed increased from 70 to 190 m/min, the cutting forces also increased, as shown in Figure 6b . This was due to the thermal softening of the work material. This may be attributable to the influence of the change in working rake angle due to the formation of built up edge (BUE). Surface roughness decreased with the increase in depth of cut (Figure 6c) . At lower feed rates and cutting forces, the hard ceramic TiB 2 particulates were broken and voids formed on the machined surface, contributing high surface roughness. 
Regression Models
Regression equations for feed force, cutting force, and surface roughness were formulated based on the results of ANOVA using adjusted sum of squares of experimental tests during turning operation in dry conditions. The control factors and the interactions were recorded based on p-values. To establish a relationship between the machining parameters and measured parameters, only the most significant terms were considered by the developed models. 
Regression equations for feed force, cutting force, and surface roughness were formulated based on the results of ANOVA using adjusted sum of squares of experimental tests during turning operation in dry conditions. The control factors and the interactions were recorded based on p-values. To establish a relationship between the machining parameters and measured parameters, only the most significant terms were considered by the developed models.
First Order
The resulting regression equations are as follows:
Surface roughness = 1.3292
where D.C = depth of cut, C.S = cutting speed, and F.R = feed rate. F y , F z and surface roughness can be calculated by substituting the value of the variables into Equations (1)- (3). The positive value of the coefficients suggests that the measured output variables increased with their associated input variables. However, the negative value of the coefficients proposes the measured output variables decreased due to an increase in associated input variables. These equations can help to determine the most influential input parameter for a particular output parameter. For example, the feed was the most impelling parameter in surface roughness, implicated from the big crest and trough at a high feed, hence a poor surface finish. Since the error in the prediction of F y and F z was too high, a regression model was formed with two degrees.
Second Order
Second-degree regression model equations helped in the prediction of the output parameters, as proved by error calculation. All the calculated errors laid in the 0% to 10% range, which was quite accurate.
Response Surface Plot
The response surface plots of the cutting force (F z ), feed force (F y ), and surface roughness are shown in Figures 7-9 . These results demonstrate the combined effect of the machining parameters on the machinability output parameters. The shape of the plots also indicates the probable locations of optimum values of the individual and combined factors for optimum output.
The response surface plots of the cutting force (Fz), feed force (Fy), and surface roughness are shown in Figures 7-9 . These results demonstrate the combined effect of the machining parameters on the machinability output parameters. The shape of the plots also indicates the probable locations of optimum values of the individual and combined factors for optimum output. Cutting forces were minimum when the lower feed combined with the lower depth of cut, as shown in Figures 7 and 8 . The minimum surface roughness was obtained when lower feed was combined with the lower depth of cut, larger cutting speed with lower depth of cut, and larger cutting speed with lower feed, as presented in Figure 9 . 
Effect of Input Parameters with Chip Formation
The chip formation in the course of turning Al-Si-TiB2 composite at 0.9 mm cut depth and varying cutting speed and feed are demonstrated in Figure 10 . Chips were mostly discontinuous due to hard and brittle Al-Si matrix and ceramic reinforcement. With a discontinuous nature of chips, some variations in shape, size and thickness were also observed. The form of the chips generated at a cutting speed of 70 m/min was curly and short, and when cutting speed increased to 190 m/min the shape of chips became longer and curlier, as shown in Figure 10 . If the chip thickness was high, the shear angle became small. This caused the cutting force and the energy required for deforming the material to increase, which means the smaller the chip thickness, the better the machinability will be. A typical machined surface of Al-12%Si/6wt.%TiB2 composite is presented in Figure 11 . High- Cutting forces were minimum when the lower feed combined with the lower depth of cut, as shown in Figures 7 and 8 . The minimum surface roughness was obtained when lower feed was combined with the lower depth of cut, larger cutting speed with lower depth of cut, and larger cutting speed with lower feed, as presented in Figure 9 .
The chip formation in the course of turning Al-Si-TiB 2 composite at 0.9 mm cut depth and varying cutting speed and feed are demonstrated in Figure 10 . Chips were mostly discontinuous due to hard and brittle Al-Si matrix and ceramic reinforcement. With a discontinuous nature of chips, some variations in shape, size and thickness were also observed. The form of the chips generated at a cutting speed of 70 m/min was curly and short, and when cutting speed increased to 190 m/min the shape of chips became longer and curlier, as shown in Figure 10 . If the chip thickness was high, the shear angle became small. This caused the cutting force and the energy required for deforming the material to increase, which means the smaller the chip thickness, the better the machinability will be. A typical machined surface of Al-12%Si/6wt.%TiB 2 composite is presented in Figure 11 . High-magnification SEM images revealed the formation of some crushed TiB 2 particles with micro surface damage in the form of grooves and cavities.
J. Compos. Sci. 2019, 2, x 9 of 10 magnification SEM images revealed the formation of some crushed TiB2 particles with micro surface damage in the form of grooves and cavities. 
Conclusions
1. At constant cutting speed, feed forces increased with the increase in feed rate at every depth of cut, the cutting force increased with increasing feed rate at every depth of cut, surface roughness increased with increasing feed rate and then decreased with feed rate at every depth of cut. 2. At a constant depth of cut, feed forces increased with increasing cutting speed at a higher feed rate, cutting forces hardly varied with increases in the cutting speed at a lower feed rate, and surface roughness decreased with increasing cutting speed. magnification SEM images revealed the formation of some crushed TiB2 particles with micro surface damage in the form of grooves and cavities. 
1. At constant cutting speed, feed forces increased with the increase in feed rate at every depth of cut, the cutting force increased with increasing feed rate at every depth of cut, surface roughness increased with increasing feed rate and then decreased with feed rate at every depth of cut. 2. At a constant depth of cut, feed forces increased with increasing cutting speed at a higher feed rate, cutting forces hardly varied with increases in the cutting speed at a lower feed rate, and surface roughness decreased with increasing cutting speed. 

1.
At constant cutting speed, feed forces increased with the increase in feed rate at every depth of cut, the cutting force increased with increasing feed rate at every depth of cut, surface roughness increased with increasing feed rate and then decreased with feed rate at every depth of cut.
2.
At a constant depth of cut, feed forces increased with increasing cutting speed at a higher feed rate, cutting forces hardly varied with increases in the cutting speed at a lower feed rate, and surface roughness decreased with increasing cutting speed. 3.
At constant feed, feed forces increased with increasing depth of cut, the cutting force increased with increasing depth of cut, surface roughness decreased with increasing depth of cut.
4.
Short length and discontinuous chips were produced at lower feed rate and lower cutting speeds, while helical-shaped chips were seen at higher ranges of feed rate and cutting speed.
5.
A two-degree model helped in the accurate prediction of output parameters, which was proved during error calculations using regression equations with a low range of error between 3%-9%.
